Introduction
============

Social behavior is comprised of interactions among conspecifics and results in relationships of variable form, duration, and function. Social interactions provide the foundation for a broad array of behavioral phenomena, including many of the complex forms of cooperation and conflict that are of particular interest to behavioral biologists (Nowak, [@B45]). For example, group living and communal rearing of young are forms of sociality that arise from social interactions among individuals. Sociality (broadly defined as group living) presents an apparent evolutionary paradox in that individuals may incur fitness costs by engaging in these interactions (Alexander, [@B1]; Griffin and West, [@B30]). Collectively, these phenomena form the basis for some of the most intricate and intriguing societies observed in nature (Wilson, [@B76]). In humans, social relationships are essential components of well-being (House et al., [@B37]), and may lead to both positive and negative health outcomes (Berkman, [@B8]; Uchino et al., [@B74]).

While not all forms of social interaction are as complex or challenging to interpret as cooperative behaviors, social behavior is a fundamental attribute of the biology of many species and has been the focus of extensive research by scientists from multiple disciplines. Despite widespread application to basic and applied science, developing a comprehensive framework for explaining the proximate and ultimate bases for social interactions -- a rapidly emerging theme in behavioral research (Owens, [@B50]) -- has proven troublesome (Johnstone, [@B40]). Traditional models of social variation have focused primarily on the ecological and evolutionary factors that lead to specific forms of social interaction (e.g., group living: Emlen and Oring, [@B26]; Emlen, [@B25]; Brashares and Arcese, [@B11]; Cahan et al., [@B14]). However, recent advances in neuroscience, endocrinology, and genetics have generated the knowledge and the toolkit required for more integrative approaches to understanding social interactions (Young and Wang, [@B79]). Developing a conceptual framework that incorporates these new resources is essential; in addition to informing research at multiple levels of organization (e.g., from molecular to evolutionary processes), such advances in our understanding of social interactions should have applications to human welfare and health, including improved diagnosis and treatment several psychiatric disorders (Bartz and Hollander, [@B5]; Lim and Young, [@B42]; Bosch et al., [@B10]; McGraw and Young, [@B43]). For example, autism spectrum disorder and schizophrenia are both characterized by marked deficits in social cognition and social behavior (Couture et al., [@B16]), and disruptions of social relationships result in an increase in risk of depression (Zisook and Shuchter, [@B81]).

Here, we outline an integrative framework for studying social behavior that addresses four important elements of modern behavioral biology. First, the framework highlights recent genetic, endocrine, and neurobiological advances that are creating new opportunities to study mechanisms of social behavior in an ecological context. By so doing, the framework integrates well developed, but traditionally distinct areas of inquiry and fosters the use of new technologies to explore social interactions in non-traditional study organisms and in non-laboratory settings. Second, the framework helps generate predictions about social relationships that can be tested in either the field or the laboratory and that aid discrimination between the causes and consequences of social interactions. Third, the framework explores the diversity of mechanisms that underlie social variation, thereby facilitating identification of large-scale patterns in the evolution of the genetic, endocrine, and neural bases for social behavior. Fourth, using non-traditional and natural systems is key to understanding natural variation in social behavior and sociality, and doing so will shed light on mechanisms maintaining social variation.

One outcome of the integrative approach that we describe is to shift attention to studies of new animal systems, some of which have been well studied by ecologists, but that have not previously been considered as subjects for more mechanistic studies of social relationships. Overall, this review should encourage new collaborations between behavioral biologists from multiple disciplines, thereby leading to exciting developments in our understanding of social behavior, including the social interactions that underlie multiple human disorders.

Levels of Analysis: Tinbergen Revisited
=======================================

Traditional studies of social behavior have tended to follow the framework established by Tinbergen ([@B73]), who outlined four orthogonal explanations for the diversity of behavior observed in nature: (1) immediate causation, (2) development, (3) function, and (4) evolutionary history. Immediate causes of behavior include physiological, genetic or ontogenetic factors, as well as the interactions among these aspects of an organism\'s biology. For instance, identifying hormones that modulate attachment formation, or the genes associated with social bonding would be studies that addressed immediate causation. Developmental explanations include any changes in behavior resulting from ontogenetic processes or experiences. For instance, identifying the role of early experience in influencing the decision about whether to remain in a natal group or disperse would be a study that addressed a developmental question. Functional causes describe how behavior currently influences survival and reproduction. For instance, demonstrating that individuals living in certain sized social groups have higher survival and reproductive success address adaptive questions. Finally, historical explanations use a species' phylogenetic relationships to generate insights into the evolutionary gain or loss of a behavioral trait. For instance, demonstrating that sociality evolved (or failed to evolve) in a particular group of organisms, might suggest a phylogenetic predisposition or constraint on sociality. Such research addresses historical explanations of sociality.

These questions (or approaches) are orthogonal (i.e., unrelated) because for any of the four questions, there are a series of mutually exclusive hypotheses that may account for them. In other words, it is logical to ask whether hormone a or hormone b potentiates attachment. It is logical to ask whether animals that live in a group could have higher survival living in a larger or smaller group. However, answering the question about the specific hormone that potentiates attachment does not influence the optimal group size, and vice-versa. Thus, to a large extent, each approach is unrelated.

These four approaches to the study of behavior can be divided into two levels of analysis (Sherman, [@B65]). Immediate causation and development comprise *proximate* explanations that answer questions regarding *how* behaviors occur mechanistically. Function and evolutionary history comprise *ultimate* explanations that reflect on *why* behaviors have evolved or are maintained. The four explanations are complementary -- not exclusive -- and any trait can be studied at any (and likely all) of these level(s) of inquiry (Bolhuis and Verhulst, [@B9]). We propose that incorporating each of these levels of analysis will lead to a more integrative understanding of social behavior that will benefit all disciplines.

Historically, behavioral ecologists have emphasized ultimate-level questions, while biomedical researchers have focused on proximate-level phenomena, creating a conceptual and practical divide between these research settings that includes the emergence of distinct terminologies, methodologies, and study organisms. Recently, however, traditionally field-based behavioral ecologists have re-discovered the importance of studying proximate mechanisms (e.g., genetic, physiological, neuroendocrine, and neurophysiological processes) underlying behavior in order to better understand the evolution of behavior (Stamps, [@B71]; Owens, [@B50]). This increased recognition of the importance of proximate-level research has been facilitated by technical advances that have made mechanistic studies more tractable and that have opened up new lines of inquiry for understanding social behavior. In particular, recent advances linking physiology, genomics, and behavior offer exciting new opportunities to integrate ultimate- and proximate-level questions to explore social interactions, thereby forging new links between social behavior and potential causes of human behavioral dysfunction (Robinson et al., [@B54]). We feel strongly that likewise, biomedical research could benefit tremendously from incorporating the perspectives of behavioral ecologists to discover new model organisms and to refine experimental paradigms in an ethologically relevant manner.

The Importance of Natural Populations
=====================================

As an ethologist, Tinbergen\'s studies of behavior were based largely upon observations of free-living animals faced with the challenges of surviving and reproducing in complex, "real world" environments. While studies of natural populations typically lack the rigorous control of environmental and inter-individual variation characteristic of laboratory-based research, data from free-living animals are critical to a comprehensive understanding of variation in social behavior for several reasons. First, observations of free-living individuals, behaving in species-typical ways, can be used to validate data from laboratory studies by confirming that behavioral interactions observed in captivity are characteristic of those observed in natural environments (Holmes and Sherman, [@B35]; Schradin and Pillay, [@B63]). Second, when observations of captive and free-living conspecifics differ, comparisons of data obtained in these two distinct contexts can be used to generate new insights into the factors regulating behavior (Calisi and Bentley, [@B15]). Third, studies of free-living animals provide the ecological context required to evaluate the functional consequences of social behavior. Specifically, data from natural populations allow investigators to assess the reproductive and survival (functional) consequences of behavior under the selective conditions in which it normally occurs; in the absence of such information, it can be difficult to determine the functional and, hence, potential evolutionary significance variation in social interactions. Thus, while many of the recent endocrine, neural and genetic advances in our understanding of behavior have necessarily begun in the lab, applying these ideas and technologies to natural populations is essential to generating a complete understanding of the causes of variation in social behavior.

Genetic and Genomic Advances: New Opportunities to Explore Natural Systems
==========================================================================

Studies of humans as well as traditional non-human animal models (e.g., *Drosophila melanogaster*, *Caenorhabditis elegans*, *Mus musculus*, *Rattus norvegicus*) have been invaluable for identifying genes involved in the regulation of social behavior (Robinson et al., [@B55]). Given that gene function is often conserved, we expect that numerous homologous loci await study in non-traditional model systems, thereby allowing exploration of gene expression in free-living animals subject to variable environmental conditions. For example, in lab populations of *D. melanogaster*, the *foraging* gene is responsible for differences in locomotor activity related to securing food; homologues of *foraging* have been shown to influence the age of onset of foraging in free-living honeybees (*Apis mellifera*) (Robinson et al., [@B54]; Amdam and Page Jr., [@B3]). Among humans, allelic variants of the gene *Drd4* are associated with personality traits and novelty seeking; this locus appears to play a similar role in natural populations of birds, such as great tits (*Parus major*; Fidler et al., [@B28]). Finally, polymorphisms in the vasopressin receptor gene, *Avpr1a*, are associated with pair bonding behavior in both humans and prairie voles (*Microtus ochrogaster*, Hammock and Young, [@B33]; Donaldson and Young, [@B22]) This conservation of gene function across sometimes disparate taxonomic groups provides an important foundation for expanding studies of the genetic bases of social behavior to natural populations of animals.

At the same time, the ever-expanding toolkit for genetic research makes it increasingly possible to undertake experimental studies of the genetic mechanisms underlying social behavior. For example, use of siRNA to knock down gene expression in zebra finch (*Taeniopygia guttata*) has revealed that a homolog of *FoxP2* (a gene thought to be involved in human language) also plays an important role in vocal learning in songbirds (Haesler et al., [@B31]). Viral vector-mediated gene transfer has been used to over-express genes in specific brain regions to determine gene function in species such as prairie voles, yielding critical insights into the causes of social and mating system variation across species (Lim et al., [@B41]; Ross et al., [@B57]). Transgenic technologies, although currently limited to a few species, are being developed for non-traditional model organisms as diverse as prairie voles, three-spine sticklebacks (*Gasterosteus aculeatus*) and non-human primates (Hosemann et al., [@B36]; Donaldson et al., [@B21]; Sasaki et al., [@B61]). As such technologies become easier to employ, the range of species to which they are applied should grow, yielding an increasingly rich picture of the genetic bases for variation in social behavior.

Finally, for organisms lacking a fully sequenced genome, transcriptome studies (i.e., quantification of gene expression on a genome-wide scale) provide a tractable means of identifying genes underlying social behavior. DNA microarrays for honeybees were used to develop one of the first genome-wide views of social structure (Robinson et al., [@B54]) and studies of ants have demonstrated that similar genes underlie social variation (Ingram et al., [@B38]) in both insect lineages. Microarrays have also been used in swordtails (*Xiphophorus nigrensis*) to determine how gene expression differs between social and sexual signals (Cummings et al., [@B18]) and in African cichlids (*Astatotilapia burtoni*) to identify candidate genes related to social behavior, including loci that are up-regulated in dominant but not subordinate individuals (Renn et al., [@B52]). The rapid development of high-throughput, low-cost, "next generation" genomic sequencing technologies make it increasingly feasible to explore gene activity in a variety of non-traditional animal systems.

Neuroendocrine Advances: Improving Understanding of Social Variation
====================================================================

Greater understanding of how neuroendocrine processes regulate behavior represents another area in which studies of natural populations may complement our rapidly expanding knowledge of traditional animal models. In particular, predicting how neuroendocrine activity should affect the social behavior of free-living animals is central to the development of an integrative model of sociality (Nunes et al., [@B46]; Ryan and Vandenbergh, [@B60]). Below, we highlight several exciting areas of research into the neuroendocrine bases for social behavior. Two of these (circulating hormone levels, receptor density and expression) are pathways for which evidence is already accruing regarding neuroendocrine or neuroanatomical influences on social behavior. While few empirical data are available for the third pathway (binding globulins), this aspect of neuroendocrine function appears to hold great potential for future research into the proximate bases for social variation.

Circulating hormone levels
--------------------------

Much of the research linking environmental variation, neuroendocrine function, and social behavior in vertebrates has focused on circulating concentrations of steroids (Wingfield et al., [@B77]; Schoech et al., [@B62]; Pfaff, [@B51]), particularly glucocorticoids (Creel, [@B17]; Pfaff, [@B51]). For example, singular breeding societies with communal care of offspring (i.e., one female dominates reproduction and non-breeders care for non-descendent offspring; Silk, [@B66]) may be a selectively advantageous social strategy in stressful environments in which independent reproduction is rarely successful (Moehlman, [@B44]). Under these conditions, group members may produce lower levels of glucocorticoids when groups are at or below threshold size (Silk, [@B66]), which in turn reduces social stress and enhances cooperative rearing of offspring. Alternatively, social animals may experience chronically high levels of stress hormones which could have negative fitness consequences and possibly explain habitat-specific fitness outcomes of group living and the establishment of social hierarchies (Creel, [@B17]; Young et al., [@B78]; Rubenstein, [@B58]). Whether variation in glucocorticoids causes or results from social variation needs experimental demonstration (Rubenstein and Shen, [@B59]). There is some evidence of reduced androgens in non-breeding male alloparents, but as with glucocorticoids, patterns of androgen variation are not consistent across species (Schoech et al., [@B62]). For example, in striped mice (*Rhabdomys pumilio*) -- a socially flexible species in which males exhibit alternative mating tactics and varying levels of parental care -- subordinate "roamer" males have higher levels of testosterone than dominant territorial males (Schradin et al., [@B64]). There is also some evidence that prolactin may play a causal role in subordinate helping behavior in some birds (Buntin, [@B13]; Schoech et al., [@B62]).

Receptor density and expression
-------------------------------

In rodents, intraspecific variation in social organization and in behaviors such as social bonding and parental care has been linked to variation in neuropeptide receptor densities in the brain (Hammock and Young, [@B32]; Olazábal and Young, [@B47],[@B48]; Beery et al., [@B7]). Highly social and monogamous species have oxytocin and vasopressin receptors concentrated in regions of the brain associated with reward and reinforcement, while non-monogamous species do not (Young and Wang, [@B79]). Viral vector gene transfer has been used to manipulate neuropeptide receptor expression in these brain regions in voles (*Microtus* spp.), thereby demonstrating a causal link between receptor expression and these aspects of behavior (Lim et al., [@B41]). At a genetic level, polymorphisms in the promoter regions of the genes encoding these receptors appear to contribute to diversity in receptor expression patterns (Hammock and Young, [@B32]). Oxytocin-like receptors may also influence sociality in birds (Goodson et al., [@B29]). The remarkable plasticity of the oxytocin and vasopressin receptor systems provides a potential mechanism for creating diversity in social phenotypes of both males and females. Future studies are needed to determine the relevance of these receptor systems in shaping social and reproductive interactions in natural populations of other taxa. Species with populations that exhibit intraspecific geographic variation in social mating systems (Roberts et al., [@B53]) may be particularly strong candidates to study variation in neuropeptide systems.

Binding globulins
-----------------

Steroid-binding proteins are glycoproteins that transport hormones of the hypothalamic--pituitary--adrenal (HPA) and hypothalamic--pituitary--gonadal (HPG) axes to target tissues (Westphal, [@B75]; Breuner and Orchinik, [@B12]). The function of binding globulins is much debated. It is not clear whether binding globulins act simply to transport steroids to target tissues (carrier hypothesis) or whether they act like a sponge to bind excess steroids to prevent them from reaching target tissues, thereby buffering tissues from high circulating steroid levels (buffer hypothesis) (Romero, [@B56]). Moreover, the function of steroid-binding proteins could differ among taxa. For example, in contrast to mammals, birds appear to lack a sex steroid-specific binding globulin; instead sex steroids (e.g., testosterone) are bound to corticosteroid-binding globulins (CBG, Deviche et al., [@B20]). In captive rats, subordinate individuals had lower CBG concentrations than dominant individuals (Spencer et al., [@B70]; Stefanski, [@B72]) while in horses social stress caused a decrease in CBG binding capacity (Alexander and Irvine, [@B2]). These results suggest a potentially crucial link between stress, CBG, and inter-individual variation in social behavior. Consequently, the role of CBG and other binding globulins deserves further consideration in studies of vertebrate social behavior.

Continued research into how neuroendocrine mechanisms influence social behavior in diverse organisms will lead to improved understanding of the evolution of mechanistic diversity and will ultimately allow us to make more concrete predictions. These predictive abilities will emerge from the study of a diversity of species, engaged in a diversity of social behaviors.

An Integrative Approach: Guiding Future Research
================================================

Figure [1](#F1){ref-type="fig"} illustrates how environmental conditions and natural selection may interact to shape the proximate mechanisms underlying variation in social interactions and, in turn, how those mechanisms may affect the fitness consequences of differences in social behavior. Pathways link social and ecological responses to physiological and behavioral changes in the individual. We believe that both disciplines (behavioral ecology and biomedical research) could benefit tremendously from adopting this integrative perspective.

![**An integrative framework for studying social behavior**. This framework is consistent with the recursive evolutionary paradigm (Feder et al., [@B27]) wherein the genotype of an individual works in concert with the environment to produce a given phenotype (Box A). This has adaptive and non-adaptive consequences that determine the genotypes in the next generation (Box B). Social phenotypes may influence the environment in multiple ways, indicating a dynamic bi-directional relationship that can affect processes in both boxes. Since the environment in turn influences both proximate mechanisms and ultimate processes, it is important to study both to gain an integrative understanding of social behavior. For example, if a social behavior decreases predation threat, behavioral biologists should examine how that decrease affects the neuroendocrine mechanisms underlying that behavior in addition to how it affects the selective landscape. Moreover, because proximate mechanisms (Box A) are themselves subject to evolutionary dynamics (Box B), there is a need for research measuring selection on and heritability of that neuroendocrine mechanism rather than simply the direct effect on the social behavior. This model, while not exhaustive, provides a framework and guidance for synthetic research of sociality.](fnbeh-04-00034-g001){#F1}

Integrative Research Directions
===============================

Below, we highlight several important areas of research that are being enhanced by an integrative approach to social behavior; we expect that other, new lines of inquiry will emerge as additional mechanisms and techniques are incorporated into an integrative framework such as we propose. To underscore the utility of this framework in uniting traditional and emerging perspectives on social behavior, we cast our review in terms of the four orthogonal research questions outlined by Tinbergen nearly 50 years ago:

\(1\) *Immediate causation*. The environment may contribute to intraspecific variation in behavioral phenotypes by altering proximate mechanisms governing behavior, including allelic variation, gene expression, and neural activity. For example, prairie voles found in ecologically distinct populations exhibit marked differences in social behavior (Roberts et al., [@B53]). Young and Wang ([@B79]) have shown that this variation in vole social behavior is linked to variation in oxytocin/vasopressin receptor densities in the brain, with the expression of these receptors being mediated by the *oxtr* and *avpr1a* genes. Our model integrates this information, generating the following predictions: (a) the immediate ecological causes of habitat-specific social behavior include factors such as the distribution of food resources or habitat openness, (b) differential selection resulting from this ecological variation leads to population-level differences in the frequency of *avpr1a* alleles, and (c) allelic differences in *avrp1a* gene expression explain population-specific neuropeptide receptor densities.

\(2\) *Ontogeny*. Variation in the physical or social environment may influence the timing of ontogenetic changes (nervous system development, endocrine function, gene expression) that mediate social behavior. For example, natal philopatry (remaining in the social group one was born into) is widely recognized as an important process leading to the formation of social groups (Emlen, [@B25]). The ecological causes of natal philopatry are usually attributed to benefits of philopatry (e.g., indirect fitness) or ecological constraints on dispersal (e.g., habitat saturation). Nunes et al. ([@B46]) demonstrated that Belding\'s ground squirrel (*Urocitellus beldingi*) dispersal is mediated by organizational effects of testosterone during early post-natal development. Within such a mammalian system, our framework could integrate these ideas, generating the following predictions: (a) limited resources lead to reduced hypothalamic production of GnRH, pituitary responsiveness to GnRH, and luteinizing hormone receptor expression during early post-natal development, resulting in fewer dispersers and greater natal philopatry, (b) individuals staying in the group have higher inclusive fitness than those that disperse or do not form groups, and (c) social group formation decreases testosterone during early post-natal development, resulting in greater dispersal and reduced philopatry. Other areas of exploration include how (i) ecology influences maternal condition and, therefore, offspring development and adult behavior (e.g., intrauterine position effects on social behaviors; Ryan and Vandenbergh, [@B60]) and (ii) ecological and social variation influence the genetic and hormonal pathways leading to the development of alloparental care.

\(3\) *Function*. The fitness consequences of social behavior are often habitat-specific (Silk, [@B66]). Individuals encounter environmental variation and respond accordingly both during ontogeny (that determines phenotype) and through day-to-day, seasonal and facultative experience. The resulting social behavior (a phenotype) has costs and benefits, the magnitudes of which determine fitness (lifetime reproductive success). These ideas can be tested in the context of social behavior such as group foraging, which is thought to reduce the risk of predation. Under this hypothesis, social foraging is selectively advantageous in open habitats or in habitats with abundant predators (Ebensperger, [@B23]; Brashares and Arcese, [@B11]). However, social foraging has costs and thus, may occur less in habitats with low predation pressure. Different neural and sensory pathways are expected to be activated in these ecological and social conditions (*sensu* Hermes et al., [@B34]). For example, if the function of social foraging is to reduce predation risk, then reduced allostatic loads are expected when individuals forage together. This hypothesis predicts that (a) individuals have higher circulating glucocorticoid levels in populations with abundant predators and (b) circulating glucocorticoid levels decrease with increasing number of individuals per foraging group in populations with high levels of predation risk.

\(4\) *Evolutionary history*. While such studies are largely lacking, each of the above topics can be addressed through comparative studies conducted in a phylogenetic context. By examining patterns of mechanistic diversity across a broad array of taxa for which phylogenetic relationships are known, it should be possible to identify previously unrecognized examples of evolutionary divergence, convergence, and conservation of mechanisms of social behavior. Social phenotypes can be constrained by the genetic architecture of proximate mechanisms, which is dependent on evolutionary history. Once these phenomena have been comprehensively characterized, it will be possible to study the evolution of mechanism in novel and comprehensive ways. In particular, once these evolutionary patterns have been identified, we will be able to complete much more meaningful analyses of the ways in which ecological and life history factors affect mechanisms of social behavior, thereby linking studies of mechanism back to the ultimate-level questions most often addressed by behavioral ecologists. For example, as we gather more information on the link between mating systems and the expression of neuropeptide receptors underlying social variation, it will be possible to employ phylogentically controlled comparative approaches. Based on ecological (Emlen and Oring, [@B26]) and neuroanatomical (Young and Wang, [@B79]) theory, we expect that across taxa, the expression of neuropeptide receptors underlying mating systems (e.g., oxytocin, vasopressin) will be similar in species found in similar habitats.

An Evolutionary Context for Understanding the Mechanisms of Social Variation
============================================================================

As noted above, an evolutionary approach to studies of the proximate mechanisms underlying social behavior may lead to new, comparative insights into how such mechanisms evolve and are maintained in animal populations. We believe that this outcome of an integrated approach to social behavior is so important that we wish to elaborate upon this topic with the following examples:

\(1\) *Divergence*. There are multiple ways to solve a mechanistic problem, leading to the potential for considerable evolutionary divergence in the mechanistic bases for social behavior. This variation may be evident, for example, in the ways that hormones are regulated; while some endocrine mechanisms are modulated at the secretory level, others are modulated at the level of receptor number or sensitivity (Bamberger et al., [@B4]). Temporal variation in neuroendocrine mechanisms is also evident. For example, in some birds, aggression (e.g., territory defense) during the mating season is regulated by circulating testosterone while territoriality during the non-breeding season is regulated by localized (i.e., non-circulating) production of testosterone and estradiol produced within the brain (Soma et al., [@B69]).

\(2\) *Convergence*. The variety of mechanisms associated with social behavior also raises the possibility of evolutionary convergence in hormonal and other proximate solutions to behavioral challenges. As a potential example of such convergence, bird song and fish acoustical signals -- both of which are involved in territory defense -- involve very different sound-production organs (syrinx, swim bladder, electric organs), yet both systems are modulated by androgens and are regulated by distinct but similarly functioning neural circuitry (Smith et al., [@B67]; Zakon and Dunlap, [@B80]; Bass et al., [@B6]).

\(3\) *Conservation of function*. Particularly effective mechanisms may be retained over time and through speciation events because of the adaptive benefits that they confer. For example, oxytocin and vasopressin (or their homologs) are involved in maintaining affiliative relationships in songbirds (Goodson et al., [@B29]) and in voles (Donaldson and Young, [@B22]). Similarly, glucocorticoids have a generalized role in mobilizing energy and redirecting behavior in many vertebrates and across many different social contexts (Denver, [@B19]). These observations suggest that these endocrine systems have deep evolutionary histories and that their functions have been conserved for extended periods of vertebrate evolution.

In general, these patterns will only emerge from a comparative, evolutionary approach. However, more information on the mechanisms of social behaviors is needed from a diverse range of taxa before such comparisons can be made. At this time, we lack evidence of mechanisms underlying social behaviors from sufficient taxa -- until this information is discovered such comparative, evolutionary approaches are unattainable. Thus, we argue that behavioral ecologists and neuroscientists need to engage in more collaboration aimed at identifying the mechanisms of social behaviors in new model organisms, expanding on the limited number of traditional model organisms used to date.

Redefining Model Organisms
==========================

Natural selection has generated an extraordinary diversity of behavioral adaptations to environmental variation. Behavioral ecologists have exploited this diversity to determine the ecological causes and fitness consequences of variation in social behavior in a wide range of species. However, our understanding of the genetic and neuroendocrine basis of social behavior is still limited and has been derived primarily from laboratory studies of inbred lines of classic model organisms (e.g., mice, rats, and fruit flies; Sokolowski, [@B68]). Indeed, there may be non-model systems that might be better models than these classic model organisms. To begin to use our integrative model to gain a comprehensive understanding of social interactions, it is time to rethink the traditional definition of a model organism and to begin developing new model systems in which it is possible to study ultimate-level questions of function as well as the proximate-level neurobiological and genetic mechanisms that underlie social variation.

An ideal model system should exhibit marked spatial or temporal variation in social behavior that can be studied quantitatively both in the laboratory and in natural (or semi-natural) environments. Traditionally, traits that have made an organism valuable to laboratory studies have included short generation times, regular reproduction in the laboratory environment, ease of handling for experimental manipulations, and availability of tools for characterizing genetic, neural, and endocrine mechanisms. However, some free-living species might illustrate the ways human populations have spread throughout world, and hence they might provide an ideal model to analyze social variation and behavioral mechanisms that are uniquely shaped by this dispersal history and subsequent adaptation to a variety of ecological situations. As genetic and other technologies improve, the ability to study mechanisms in less traditional model species increases (Donaldson and Young, [@B22]; McGraw and Young, [@B43]). Other desirable traits such as ease of capture and observation in the wild will ensure that as these technologies become increasingly available and affordable.

Relevance to Human Social Behavior
==================================

The integrative approach we suggest, coupled with the development of new model organisms for the study of variation in social behavior may provide a powerful means to translate research findings into improved understanding human social cognitive function (Ebstein et al., [@B24]; Insel, [@B39]). A variety of neuropsychiatric disorders are characterized by disruptions in social behavior and social cognition, including depression, autism spectrum disorders, bipolar disorders, obsessive-compulsive disorders, and schizophrenia. Therefore, integrative research using more accurate animal models of social behavior may lead to the development of treatment strategies for psychopathologies. In other words, the perspectives of behavioral ecology may be lead to discoveries of animal models that are ideally suited for addressing questions relevant to psychiatry. For example, discoveries of the role of oxytocin in social attachment in socially monogamous prairie voles have already led to clinical therapy trials for the enhancement of social cognitive function in autism spectrum disorders through the use of oxytocin pharmacotherapies (Opar, [@B49]). Thus, by adopting a more ecological and evolutionary approach to biomedical research, we should enhance our biomedical discoveries.

Conclusions
===========

Our integrative framework (Figure [1](#F1){ref-type="fig"}) has broad implications for the study of social behavior. A fully integrative model for sociality has been the "holy grail" of behavioral ecologists studying social relationships among individuals. By conducting studies with explicit links between proximate and ultimate levels of analysis, we gain a comprehensive and integrative understanding of these relationships, an advance that could generate a paradigm shift studying the study of social behavior. Additionally, this approach has many applications. First, an integrative view of sociality that includes genetic, neural, and endocrine mechanisms will provide insights into evolutionary potential and thus provides a powerful tool for predicting species responses to environmental change. Second, such a fundamentally integrative understanding can yield insights into human psychopathological disorders that may improve treatment of these conditions. Third, an understanding of the links between ecological variation, mechanism, and sociality can lead to improvements in animal husbandry and welfare as part of both endangered species management and animal production. To achieve these benefits, we must train our next generation of students in integrative approaches to behavior and create a culture of interdisciplinary, collaborative work. This requires financial and logistical support by universities, medical facilities, and funding agencies. While difficult, these efforts will yield extraordinary benefits to the study of social behavior.
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